When UDP-galactose 4-epimerase (EC 5.1.3.2) from Escherichia coli is incubated with UDPgalactose, then reduced with NaB8H4, label is found in UDP-glucose and UDP-galactose. Enzymatic and chemical degradation demonstrates that the label is bound to carbon 4 of the glycosyl moieties. These results provide direct evidence for the existence of UDP-4-keto-glucose as an enzyme-bound intermediate in the epimerization reaction, and they exclude the formation of a 3-keto intermediate.
The importance of NAD in the enzymatic epimerization of UDP-glucose and UDP-galactose was first demonstrated by Maxwell (1) . Whereas UDP-galactose 4-epimerase from Saccharomyces fragili8 contains tightly bound NAD (2) , that from liver requires exogenous NAD for activity (1) . Wilson and Hogness (3) , who purified bound NAD-containing UDP-galactose 4-epimerase from E. coli, demonstrated that the enzyme-bound NAD is partially reduced to NADH in the presence of UDP-glucose or UDP-galactose. These data suggest a mechanism in which epimerization proceeds in two steps: oxidation of carbon 4 of the glycosyl moiety of the sugar nucleotide to a keto group by enzymebound NAD, followed by stereospecific reduction to the corresponding epimeric form by intermittently produced NADH. Further support for such a mechanism is described by Nelsestuen and Kirkwood (4) , who reported reduction of the carbonyl group of TDP-4-keto-6-deoxyglucose upon incubation with yeast UDP-galactose 4-epimerase containing chemically reduced NADH. Recently, Davis and Glaser (5) , using the reduction of enzyme-bound NAD in the presence of UMP and glucose as a model system for the presumed first step in the enzymatic epimerization, observed a pronounced isotope effect with [3-2H] glucose, but not with *[4-22H]glucose or [5-2H] glucose. On the basis of these observations they suggested that, in fact, the intermediate in the epimerization of UDP-glucose and UDP-galactose is a UDP-3-keto-hexose.
We present direct evidence for the formation of UDP4-keto-hexose during the epimerase reaction.
MATERIALS AND METHODS
UDP-galactose 4-epimerase was purified from E. coli K-12 strain SA-15, (F'gal+/F-gal(K+tol-e+)R-gaMet-). This strain was kindly given to us by Dr. S. Adhya, Department of Biology, Rochester University, New York. The purification procedure was a modification of that described by Wilson and Hogness (3) , in which their hydroxylapatite step was replaced by gel filtration through a column of Sephadex G-100. By the assay procedure of Wilson and Hogness, the specific activity of our purified enzyme was 150 jumol/min per mg. This compares with a specific activity of 233 ;&mol/ min per mg obtained by Wilson and Hogness for their essentially homogeneous enzyme preparation, and suggests that our preparation is about 65% pure (this purity is consistent with that observed by polyacrylamide disc-gel electrophoresis).
UDP-glucuronate carboxy-lyase (EC 4.1.1.35) was purified from Cryptococcus laurentii according to the procedure of Ankel and Feingold, through step 3 (6) .
UDP-glucose dehydrogenase (EC 1. 5 ml of cold water. Sugar nucleotides were eluted from the charcoal with 3 ml of ethanol-ammoniawater 25:0.05:75. The eluates were quickly evaporated to dryness to remove ammonia. The residues were dissolved in 2 ml of water and again evaporated to dryness. This process was repeated four more times. To remove remaining borate ions, the residues were dissolved in 2 ml of methanol and again evaporated to dryness. This procedure was repeated two more times. Finally, the residues were applied to Whatmann no. 3 MM paper and subjected to descending chromatography in Solvent a. Fig. 1 shows scans of the chromatograms; A is the product obtained with the complete reaction mixture, B is that obtained when enzyme is omitted, and C is that obtained when UDP-galactose is omitted. As seen in A, a single radioactive peak, with the mobility of authentic UDP-glucose and UDP-galactose, is obtained. The material that had the mobility of these standards in controls B and C ammounted to less than 5% of that found in A. The radioactive material was further purified by paper electrophoresis, and the radioactive product obtained from the complete reaction mixture again migrated identically to UDP-glucose and UDP-galactose ( Fig. 2A) . Insignificant amounts of radioactivity were found in the UDP-hexose areas for the two control reactions. The total amount of radioactive UDP-hexose thus obtained, based on a specific activity one-fourth that of the NaB3H4 used, was 0.08 mol/ mol of enzyme.
Further identification of the reaction product by conversion to UDP-glucuronate and UDP-xylose
The isolated material was incubated for 2 hr with 5 of UDP-galactose 4-epimerase, and 400 units of UDP-glucose dehydrogenase, in a total volume of 1.2 ml. The reaction was stopped by heating in boiling water for 90 sec, and the mixture was desalted on a DEAE-Sephadex column (1 X 0.5 cm). After paper electrophoresis of the reaction mixture, the major radioactive product was found to have the mobility of authentic UDP-glucuronate. Some material migrated like the original UDP-hexose. Therefore, a second, identical treatment of the eluted, unoxidized UDP-hexose was performed. The combined yield of UDP-glucuronate was 90%; its mobility is shown in Fig. 2B . The radioactive UDP-glucuronate thus obtained was decarboxylated to UDP-xylose by 0.1 unit of UDP-glucuronate carboxy-lyase, in a total volume of 1 ml, by the method of Ankel and Feingold (6) . The reaction mixture was separated by electrophoresis. Some UDP-glucuronate and a slowermoving component, with the mobility of UDP-xylose, were detected. The amount of radioactive material converted to UDP-xylose was 70%. Fig. 2C shows a scan of an electrophoretogram of the isolated, radioactive UDP-xylose. hydrolyzed with 0.1 N HCl for 15 min at 100°C. The hydrolysates were subjected to paper chromatography in solvent b. The results are presented in Fig. 3 , which shows strip scans of the original chromatogram. The radioactivity in the hydrolyzed original sample coincides with that of glucose and galactose standards, while the enzymatic-decarboxylation product migrates identically with standard xylose. The ratio of label in glucose and galactose was about 2:1, as was confirmed in a separate experiment; tritium-labeled UDP-hexose, (1.8 X 101 cpm) isolated as described above, was incubated with 400 units of UDP-glucose dehydrogenase and 0.25 ,umol of NAD, either with or without 0.5 units of UDP-galactose 4-epimerase. Complete oxidation of labeled UDP-hexose occurred in the presence of epimerase; without the epimerase, the ratio of label in UDP-glucuronate and unoxidized UDP-hexose (UDP-galactose), as measured after paper electrophoretic separation, was 2.1:1. This ratio is clearly different from that of the total amounts of UDP-glucose and UDP-galactose present (3.5:1), when they were calculated from the amounts of NADH produced upon oxidation with UDP-glucose dehydrogenase in the absence and in the presence of UDP-galactose 4-epimerase. In this experiment, the specific activity of the UDP-glucuronate isolated from the reaction mixture that contained UDPgalactose 4-epimerase plus UDP-glucose dehydrogenase was essentially the same as that of the UDP-hexose before oxidation, as shown by the numbers in parentheses in Table 1 Degradation of Phenyl Xylosazone (11, 12) . The labeled xylosazone was oxidized with periodic acid to yield mesoxalaldehyde 1,2-bis(phenylhydrazone) from C-1, C-2, and C-3; formic acid from C-4; and formaldehyde from C-5 of xylose. Periodic 350 ,mol of dimedone and a drop of piperidine were added, and the reaction mixture was brought to 60'C. As the solution cooled, the methylene bisdimedone crystallized out. After several washes with 50% ethanol, the product had a melting point of 188°C [literature: 188°C (13)1. The dimedone derivative was dissolved in warm absolute ethanol and a 0.2-ml aliquot (6 ,umol) was assayed for radioactivity (see Table 1 ). The supernatant was processed for the isolation of formic acid from CA, as described by Gabriel (14) : 75 ,mol of 2,3'-dibromoacetophenone was added, and the mixture was refluxed for 45 min. The p-bromophenacyl formate was isolated by preparative thin-layer chromatography on a silicagel plate in benzene-ethyl acetate 95:5. The concentration of p-bromophenacyl formate was calculated from the extinction coefficient given by Gabriel (14) .
Additional evidence that excludes the label from carbon 3 of the original hexose In view of the results obtained by Davis and Glaser (5), which suggest a 3-keto-hexose intermediate in the epimerization reaction, we degraded the original hexose to exclude the possibility that the labeling pattern might have changed during our enzymatic degradation procedure. UDP-hexose (0.03) ,umol, 6.5 X 106 cpm/,umol) was treated with snakevenom phosphodiesterase (11) . The hexose-1-phosphates were isolated after chromatography in solvent c. The eluted material was neutralized with 1 M acetic acid and chromatographed in solvent d to remove borate. The recovery was about 55%. The radioactive material was diluted with unlabeled glucose-1-P, to a specific activity of 2000 cpm/,umol.
Sodium periodate (200 ,mol) was added to 90 ,mol of hexose-1-P, in a total volume of 1 ml, and the reaction mixture was incubated at 27°C for 60 min. It was then divided into two equal parts. One part was used to isolate formic acid originating from C-3 of the original hexose, by the procedure described above. The specific activity of p-bromophenacyl formate isolated was 16 cpm/,umol, which is less than 1% that of the starting material. Thus, the possibility of migration of label from C-3 to C-4 during enxymatic conversion of UDP-hexose to UDP-xylose is ruled out. The remainder of the periodate-treated material was reduced with NaBH4, hydrolyzed with 1 N HCl, and again reduced with NaBH4 UDP-Galactose-4-Epimerase (15) . Glycerol and ethylene glycol were isolated after paper chromatography in solvent e. More than 95% of the radioactivity was found in the glycerol, again in accord with the assumption that the tritium was associated with CA4 of the original hexose moiety. DISCUSSION Wte present data that demonstrate the formation of UDP4-keto-glucose as an intermediate in the UDP-galactose 4-epimerase reaction. The amount of 3H-labeled reduction product of the isolated intermediate corresponds to 0.08 mol/mol of enzyme, or to 8% of the total amount of enzyme-bound NAD originally present. This value compares with 16% of reduced enzyme-bound NAD that was found to be formed uinder our experimental conditions by Wilson and Hogness (3) . Therefore, the amount of labeled material isolated after charcoal adsorption and elution, paper chromatography, and paper electrophoresis was 50% of the total amount expected. This discrepancy is undoubtedly due to the losses during our isolation procedure, which was designed to be rapid rather than quantitative.
As pointed out by Davis and Glaser (5), it is speculative to assume that the model reduction of enzyme-bound NAD by free sugars in the presence of UMP resembles the first step in the enzymatic epimerization. For the same reason, we cannot assume that the reduction of free 2-keto-glucose by UDP-galactose 4-epimerase containing chemically-reduced NAD (16) supports the occurrence of UDP-2-ketohexose as an intermediate in the epimerase reaction. In fact, one might equally well assume that the oxidation of the free sugar at carbon 3, if it indeed occurs, is an artificial reaction unrelated to the true epimerization reaction, since no epimerization occurs with the free sugars. The observation that no label was transferred to the enzyme-bound NAD after its incubation with UMP and [3-3H] glucose, though indeed NADH is formed, likewise discredits the model reaction as being indicative of a UDP-3-keto-hexose intermediate (5) . Finally, the observed isotope effect with [3- 'H]glucose might be the result of altered binding of the free sugar to the enzyme, and indicate that the substituents at carbon 3 of the hexose affect binding of the sugar to the enzyme.
That UDP-4-keto-glucose is an intermediate in the enzymatic epimerization of UDP-glucose and UDP-galactose was postulated in 1957 by Maxwell (1) . The partial reduction of enzyme-bound NAD during the epimerase reaction is in accord with such a mechanism (3). A distinctly normal isotope-effect observed in the presence of epimerase and UDP-[4-'H]glucose or UDP-[4-'H]galactose (17) , contrasts with earlier findings of an inverse isotope-effect (18) and also supports such a mechanism. Unpublished data from our laboratory, as well as recent findings by Adair, Gaugler, and Gabriel, * show a normal isotope effect in the case of the 4-tritiated glycosyl nucleotides, but no isotope effect with 3-tritiated glycosyl nucleotides. These newer findings thus strengthen the argument for a transient oxido-reduction at CA of the glycosyl moieties of UDP-glucose and UDPgalactose during epimerization. Data of Nelsestuen and Kirkwood (4), who used yeast epimerase containing chemically reduced NAD3H, show a direct transfer of tritium to TDP- 
